• Background Abscisic acid (ABA) is a well-studied phytohormone demonstrated to be involved in sub-sets of stress responses in plants, such as iron (Fe) deficiency and phosphorus (P) deficiency in Arabidopsis. However, whether ABA is involved in P deficiency in rice has not been frequently studied. The present study was undertaken to investigate the mechanism underlying ABA-aggravated P deficiency in rice (Oryza sativa).
INTRODUCTION
As a macronutrient that is essential for plants, phosphorous (P) plays crucial roles in many developmental and metabolic processes (Plaxton and Tran, 2011) . For instance, P acts as a structural component of nucleic acids/membranes, is a pivotal component of energy metabolism, and plays a central role in signal transduction cascades (Poirier and Bucher, 2002) . Despite large reserves of P in natural soil, the bioavailability of inorganic phosphate (Pi) is very low because the available Pi constitutes only 20-50 % of total soil P and the rest is fixed into poorly soluble salts, such as iron/aluminium salts in acid soils and magnesium/calcium salts in alkaline soils (Raghothama, 1999; Wu et al., 2013; Bhadouria et al., 2017) . Therefore, P deficiency is a common agricultural trait that affects the growth and production of crops (Chiera et al., 2002) . To improve plant P nutrition, P fertilizer is applied. However, as the primary source of P fertilizer, Pi rock, is a non-renewable and finite resource (Beardsley, 2011) , basic research aimed at improving P efficiency in plants or developing P-efficient transgenic crops is needed.
The general responses of plants to P deficiency include a multifaceted set of strategies, such as morphological changes in the root system, physiological changes in root exudates and molecular regulation of gene expression (Mehra et al., 2016) . For instance, P starvation of plants increases the rootto-shoot ratio (Nacry et al., 2005) , the ratio of root branches to hairs (Lopez-Bucio et al., 2003) , the formation of 'root clusters' (Vance, 2008) and symbiosis with mycorrhizal fungi (Boulet and Lambers, 2005) . Plants also secrete organic anions (Raghothama, 1999) , mucilage (Grimal et al., 2001) , phenolics (Juszczuk et al., 2004) , ribonucleases (RNase) (Taylor et al., 1993) and acid phosphatases (Wasaki et al., 2003; Mehra et al., 2017; Pandey et al., 2017) to change the physical and chemical properties of the soil, thus accelerating the liberation of Pi from the soil and allowing it to be taken up by plants through the regulation of a large number of P-responsive genes (Morcuende et al., 2007; Secco et al., 2013) . Recently, accumulating evidence has demonstrated that cell wall metabolic pathways are another important strategy for the re-utilization of internal P by plants (X. Zhu et al., 2015 Zhu et al., , 2017b . Pectin plays a pivotal role in this mechanism through competition with iron (Fe) from FePO 4 to release cell wall insoluble P under P-starved conditions.
It has been well documented that numerous phytohormones and signalling molecules are involved in the responses to P deficiency in plants, including auxin (Ribot et al., 2008; Wang et al., 2014a) , ethylene (Tanimoto et al., 1995; X. Zhu et al., 2016b X. Zhu et al., , 2017b , nitric oxide (NO) (B. Wang et al., 2010; C. Zhu et al., 2016a; X. Zhu et al., 2017b) and abscisic acid (ABA) (Vysotskaya et al., 2016; Yu et al., 2016) . ABA is a well-studied phytohormone involved in a sub-set of stress responses in plants, such as drought and high salt stress (Cutler et al., 2010) , Fe deficiency in Arabidopsis (Lei et al., 2014; X. Zhu et al., 2017a) , Fe toxicity in African rice (Oryza glaberrima Steud.) (Majerus et al., 2009) and P deficiency in Arabidopsis . However, whether ABA is involved in P deficiency in rice and the balance between different phytohormones that may also be responsible for the control of P nutrition in P-starved plants has not been frequently studied (Niu et al., 2013) .
Here, we investigated the effect of ABA on the P-deficient rice cultivar 'Nipponbare'. We demonstrate that P deficiency decreased root ABA accumulation, and exogenous ABA aggravated P deficiency by inhibiting P remobilization from root cell walls and translocation to the shoots. Moreover, an ABA regulatory mechanism for cell wall P re-utilization under P-deficient conditions in rice that may independent of NO and ethylene was elucidated.
METHODS

Plant materials and growth conditions
Seeds of the rice cultivar 'Nipponbare' (Nip, Oryza sativa) were used in this study. After immersion in deionized water for 2 d, the seeds were washed and grown on a plastic supporting net (approx. 2 mm 2 ) in a 1. , a relative humidity of 60 % and a day/night regime of 14/10 h.
To study the possible interactions between NO, ABA and ethylene in P-deficient rice, 2-week-old seedlings were transferred to +P, +P + ABA, +P + fluridone (Flu), −−P, −P + ABA and −P + Flu treatments for 7 d for the measurement of NO contents and ethylene production. For the measurement of ABA contents, 2-week-old seedlings were transferred to the following treatments for 7 d: +P, +P + sodium nitroprusside (SNP), +P + 1-aminocyclopropane-1-carboxylic acid (ACC), −P, −P + SNP and −P + ACC. For the experiments involving the pH-buffered solution, 10 mm MES was added to each of the above nutrient solutions (+P, +P + ABA, −P and −P + ABA). The final concentrations in the above treatments were 1 μm ACC, 0.5 μm ABA, 2.5 μm SNP and 0.001 μm Flu. The Pi concentrations in sufficient (+P) and deficient (−P) media were 50.375 and 0 mg L -1 , respectively. As SNP was applied as a pretreatment, the nutrient solution was renewed after 24 h with P-deficient or P-sufficient solutions containing the other substances for another 6 d. All pH levels were adjusted to 5.6, and the solutions were renewed every 3 d.
Measurement of soluble Pi contents
After treatment, roots and shoots were first harvested and then washed with deionized water three times. The samples were subsequently weighed, ground in liquid nitrogen and suspended in 4 mL of deionized water containing 200 µL of sulphuric acid (5 m). Finally, after centrifugation at 12 000g for 10 min, 400 µL of the supernatant was incubated with 200 µL of ammonium molybdate containing 15 % fresh ascorbic acid (pH 5.0) for 30 min. The resultant absorption values were determined with a spectrophotometer at 650 nm.
Cell wall extraction
After the root samples were ground with liquid nitrogen, 8 mL of ethanol was added to wash the samples for 20 min. Then, after the addition of 8 mL of acetone, 8 mL of 1: 1 methanol/chloroform and 8 mL of methanol were added to wash the samples. The pellets were subsequently dried with a freeze dryer and stored at 4 °C for further use (Zhong and Lauchli, 1993) .
Extraction of pectin
Pectin was extracted as follows: cell wall materials were weighed, incubated with 1 mL of deionized water at 100 °C for 1 h and then centrifuged at 13 200 rpm for 10 min to collect the supernatant, which was finally referred to as pectin after repeating this procedure three times.
Measurement of pectin contents and pectin methylesterase (PME) activity
The uronic acid content of pectin is an indicator of the pectin content in the cell wall. In brief, 200 µL of pectin was mixed with 1 mL of 98 % H 2 SO 4 containing 12.5 mm Na 2 B 4 O 7 .10H 2 O at 100 °C for 5 min. Then, 20 µL of 0.15 % M-hydro-diphenyl was added after the solution had cooled. The resultant absorption values were determined with a spectrophotometer at 520 nm.
For PME activity analysis, cell walls were first weighed and then shaken with a 1 m NaCl solution (pH 6.0) at 4 °C for 1 h. After centrifugation at 13 200 rpm for 10 min, 50 µL of the supernatant was collected for further incubation with alcohol oxidase (10 µL) and 200 mm PBS (100 µL, which contained 0.64 mg mL −1 pectin) at 30 °C for 10 min. Finally, 200 µL of 0.5 m NaOH containing 5 mg mL −1 purpald was added, and the absorbance was determined with a spectrophotometer at 550 nm.
Measurement of cell wall P retention
P retention in the cell wall was examined as follows: cell wall materials were weighed and then shaken with 1 mL of 2 m HCl for 24 h, and the supernatant was collected after centrifugation for the measurement of P contents (X. Zhu et al., 2015) .
Measurement of root NO contents
Root NO accumulation was tested using 4-amino-5-methylamino-2,7-difluorofluorescein diacetate (DAF-FM DA; 10 μm). The apical portions of the roots (approx. 1 cm) were first detached and then washed with Hepes-KOH (pH 7.4) for 15 min. After the samples were incubated with 500 µL of DAF-FM DA in darkness for 30 min, the excess fluorescent dye was removed by washing with fresh buffer three times. Finally, NO fluorescence was visualized with a Nikon Eclipse 80i light microscope, and the intensity of this fluorescence was determined using Photoshop 7.0 software (X. Zhu et al., 2012) .
Measurement of ethylene production
The production of ethylene by the roots was analysed according to Wu et al. (2011) . In brief, the roots were first cut and then transferred to 15-mL glass phials containing 1 mL of distilled water, which were immediately sealed with a rubber stopper. After incubation in darkness at 30 °C for 2 h, the production of ethylene was measured according to X. Zhu et al. (2016b) .
Measurement of ABA contents
Root ABA contents were analysed as described by Ding et al. (2011) . In brief, the roots were first cut and then washed three times with deionized water. After grinding in liquid nitrogen, the samples were homogenized with 90 % (v/v) methanol containing 200 mg L −1 diethydithiocarbamic acid sodium salt, according to the procedures specified in the ELISA kit (MALLBIO lot: MBE21031).
Quantitative real-time PCR analysis
After treatment, the roots were harvested and immediately transferred to liquid nitrogen. The extraction of RNA and its reverse transcription were performed according to the operations manual supplied by TianGen (http://www.tiangen.com/ en/; Shanghai, China). The quality of the RNA and cDNA was verified via agarose gel electrophoresis. The mixture used for the real-time PCR was made of 0.01 µg µL -1 cDNA, 0.2 µm each primer (forward and reverse) and 5 µL of SYBR Premix ExTaq (Takara; Code No. RR420A). Each sample was run in triplicate. The primers used for these experiments are shown in Table 1 (Ai et al., 2009; Jia et al., 2011) .
Statistical analyses
All experiments were conducted at least in triplicate. Oneway ANOVA was used to analyse the data, and the mean values were compared using Duncan's multiple range test. The letters in the figures presented here indicate that the mean values were significantly different at P < 0.05.
RESULTS
To investigate whether ABA metabolism is involved in rice P reutilization, we performed experiments using a typical Japonica variety, 'Nipponbare' (Nip), and found that P deficiency initially decreased ABA accumulation (Fig. 1A) . Further analysis showed that the reduction in ABA content could be detected within 1 h after seedlings were transferred to a nutrient solution lacking P (Fig. 1B) . Therefore, it is clear that P deficiency can rapidly decrease the endogenous ABA level in rice roots.
To explore the possible role of ABA in rice in response to P deficiency, 2-week-old seedlings were transferred to +P and −P nutrient solutions containing 0.5 µm ABA or 0.001 µm Flu, the latter acting as an inhibitor in the synthesis of ABA (Yoshioka et al., 1998) . After 7 d of −P treatment, the root and shoot soluble P contents were significantly decreased, and this severe reduction of P content induced by −P treatment could be further aggravated by ABA addition ( Fig. 2A, B) , indicating that ABA may have negative roles in internal P re-utilization in rice. This hypothesis was further confirmed by the addition of Flu (Fig. 2C, D) , which resulted in the opposite tendency compared with ABA. In addition, exogenous ABA and Flu did not affect the root and shoot soluble P contents under +P conditions (Fig. 2) . Furthermore, when the solution was buffered at pH 5.6 with MES, the root and shoot soluble P contents showed no significant difference from those in the non-buffered solution (Supplementary Data Fig. S1 ), suggesting that the effect of ABA observed in the present study was not due to the lower pH content of the solution, but to the synergetic action of ABA and −P. Moreover, the expression of OsIPS1, OsIPS2, OsSPX1 and OsSPX3, which are marker genes of P deficiency in rice, were all up-regulated under −P + ABA treatment compared with −P treatment alone (Supplementary Data Fig. S2 ), further indicating that ABA can aggravate P deficiency in rice.
These observations prompted the question of how ABA aggravates rice P deficiency. As the cell wall serves as a major P pool in P-deficient rice (X. Zhu et al., 2015) , we obtained cell wall extracts for further analysis. As expected, more P was deposited in the cell walls of −P + ABA-treated rice compared with −P-treated rice (Fig. 3A) , indicating that ABA can inhibit Table 1 . Gene-specific primers used in this work.
TGCAGTCCATCCGATCCG ATGTGTATGTATGTTCTCTACCACG the release of P from the cell wall in P-deficient rice. Moreover, compared with −P treatment, −P + ABA treatment caused a reduction of pectin contents and PME activity (Fig. 3B, C) , both of which were demonstrated to be well correlated with the decrease in the release of P from root cell walls. Thus, less soluble P was available under −P + ABA treatment, in accordance with our previous findings (Majerus et al., 2009) . As exogenous ABA also decreased the shoot soluble P content (Fig. 2B) , we further measured the expression of genes (OsPT2, OsPT6 and OsPT8) responsible for P translocation from the roots to the shoots in rice (Ai et al., 2009; Wang et al., 2014b) and found that the expression of OsPT6 was significantly decreased under −P + ABA treatment compared with −P treatment (Fig. 4B ), while no difference in the expression of either OsPT2 or OsPT8 was found between −P and −P + ABA treatments. These findings suggest that the inhibition of P transport by ABA might result from the ABA-induced down-regulation of OsPT6, which correlates well with the occurrence of putative ABA-responsive elements in the promoter of OsPT6 (Fig. 5) .
As NO acts upstream of ethylene in the reutilization of root cell wall P in P-deficient rice (X. Zhu et al., 2016b Zhu et al., , 2017b , and ABA responded as rapidly as NO (being significantly decreased after 1 h of −P treatment and reaching its minimum at 3 h, Fig. 1B, Supplementary Data Fig. S3 ; X. Zhu et al., 2017a) , we first investigated whether there is a direct relationship between NO and ABA. As shown in Fig. 6 , NO accumulation increased significantly under P-deficient conditions, and the addition of ABA had no further effect on NO accumulation (Fig. 6A, B) , indicating that ABA may act in a manner independent of NO in the re-utilization of root cell wall P in P-deficient rice. This conclusion was further confirmed by the unchanged ABA content observed when an NO donor (SNP) was applied exogenously (Fig. 6C ), suggesting that P deficiency may regulate NO production and ABA accumulation independently.
Recently, accumulating evidence has shown that ABA acts upstream of ethylene by inhibiting the expression of the genes (ACS4 and ACS8) responsible for ethylene production (Dong et al., 2016; Yu et al., 2016) . Thus, the question arose as to whether the reduction of ABA also acts through ethylene in this cell wall P re-utilization mechanism in P-deficient rice. To address this question, the production of ethylene was determined after the addition of the ABA inhibitor Flu. Interestingly, the addition of Flu had no influence on ethylene production, irrespective of P status (Fig. 7A) , and the addition of an ethylene precursor (ACC) also had no effect on the ABA content (Fig. 7B ). These findings indicated that ABA may act in a manner independent of ethylene, and the decreased ABA content under P deficiency may occur in parallel with ethylene signalling in P-deficient rice, as described in Fig. 8 .
DISCUSSION
Phytohormones and signalling molecules have been demonstrated to participate in responses to P deficiency in rice by accelerating the re-utilization of P retained in cell walls. In rice, P deficiency induces root NO accumulation, triggering an increase in ethylene levels and promoting the accumulation of pectin, in turn releasing P from the cell wall and finally inducing the expression of OsPT2, thereby facilitating root-to-shoot P translocation (C. Zhu et al., 2016a; X. Zhu et al., 2016b X. Zhu et al., , 2017b . Both NO and ethylene are involved in the induction of OsPT2, and P deficiency also up-regulates genes involved in ethylene synthesis (X. Zhu et al., 2016b) . Here, we further demonstrated that P deficiency could rapidly decrease root ABA accumulation (Fig. 1) . Exogenous ABA aggravated P deficiency by inhibiting the re-utilization of P stored in root cell walls, which may be independent of the NO-ethylene pathway (Figs 3, 6 and 7), and decreased root-to-shoot P translocation (Figs 2 and 4) . To our knowledge, this is a novel mechanism regarding the negative role of ABA in regulating plant P nutrition, although the role of ABA in the Pi deficiency response is debatable, as Trull et al. (1997) clearly reported that ABA does not influence the Pi deficiency response on all their test parameters, such as the production of acid phosphatase in Arabidopsis thaliana through using ABA mutants aba-1 and abi2-1, and this inconsistency may be attributed to different plant species (Arabidopsis and rice) or different culture conditions, etc., which needs further study. Furthermore, unexpectedly, under +P conditions, exogenous ABA treatment had almost no effect on the root/shoot soluble P content and cell wall P retention (Figs 2 and 3) . Perhaps a threshold concentration of ABA is required in rice in response to P deficiency; that is, the ABA level in +P plants is enough for the retention of the soluble P and cell wall P, and thus the application of the additional ABA has no additional effect. Under −P conditions, the ABA level in plants decreases, and thus exogenous application of ABA plays its role. This issue requires further study. P deficiency is extremely damaging to the vegetative growth and reproductive growth of plants, so any approaches that can enhance the acquisition and re-utilization of P in crops are key to crop yields under such conditions . Indeed, re-utilization of the P stored in roots is a strategy for allowing plant growth in P-limited conditions, as P can easily remobilize within plants. Recent evidence has shown that the P stored in root cell walls, which accounts for approx. 50 % of root total P (X. Zhu et al., 2015 Zhu et al., , 2016b , can be partially remobilized under P deficiency, resulting in the improvement of shoot P nutrition (X. Zhu et al., 2017b) . Here, we found that the amount of P retained in the root cell wall was decreased to a lesser extent under −P + ABA treatment as compared with −P treatment alone (Fig. 3A) , indicating that ABA inhibited the remobilization of root cell wall P.
How then does exogenous ABA inhibit the remobilization of P stored in the root cell wall under P deficiency? Cellulose, hemicellulose and pectin are the main components of the cell walls, but only pectin (which possess negative charges) has been shown to be involved in the plant response to P starvation. For example, compared with other plants, groundnut possesses a superior ability to acquire soil P in P-deficient soil because its root cell wall exhibits a 'contact reaction' to pectin (Ae and Shen, 2002) . Recently, X. Zhu et al. (2015) reported that pectin is able to re-utilize cell wall P by using its negative charges (-COO − -) to bind cations such as Fe, thus facilitating the release of cell wall P. Interestingly, the content of pectin in the rice root cell wall can be regulated by signalling molecules, such as NO, and by ethylene under P-deficient conditions (X. Zhu et al., 2016b Zhu et al., , 2017b . In the present study, under −P conditions, when ABA was applied exogenously, a reduction of the cell wall pectin content was observed, associated with a notable reduction of PME activity (Fig. 3B, C) . These findings indicate that ABA plays a negative role in the re-utilization of cell wall P to maintain internal P homeostasis and provide an opportunity to further investigate whether there is a relationship between ABA, NO and ethylene. A combination of SNP and ACC treatment had no effect on ABA accumulation (Figs 6C and 7B) , and ABA or Flu treatment also had no effect on NO production or ethylene emission ( Figs 6B and 7A) , respectively, indicating that the regulation of pectin content by ABA may be independent of NO and ethylene in P-deficient rice. Indeed, as the effect of plant hormones is very quick, NO accumulation changed within 4 h under −P conditions, and it then became stable after 6 and 8 h (Supplementary Data Fig.  S3 ), while ABA also responded quickly to −P treatment (within 3 h; Fig. 1 ). However, in our study of the interaction between NO, ABA and ethylene, the treatment time was much longer, 7 d. It is therefore possible that some upstream responses are neglected, which needs further study (Fig. 8 ). In addition, besides the re-utilization of cell wall P, up-regulation of the translocation of internal soluble P via increased expression of the genes responsible for this process is very important for rice under P-deficient conditions. Three rice Pi:H + cotransporters (PHTs: OsPT2, OsPT6 and OsPT8) have been shown to be essential for the translocation of P from roots to shoots (Ai et al., 2009; Jia et al., 2011) . In contrast to OsPT2, which acts as a low-affinity Pi transporter, and is mainly expressed in the stele of primary and lateral roots under −P conditions (Ai et al., 2009) , OsPT6 (expressed in epidermis, cortex and stelar tissue under −P conditions) and OsPT8 (constitutively expressed in various tissue organs under +P/−P conditions) are high-affinity Pi transporters (Ai et al., 2009; Jia et al., 2011; Wang et al., 2014b) . Interestingly, in the present study under −P conditions, ABA markedly decreased the expression of OsPT6 (Fig. 4B) , implying that ABA may act in a manner independent of NO and ethylene in P-deficient rice, as NO and ethylene significantly increased the expression of OsPT2 in P-deficient rice (X. Zhu et al., 2017b) . The down-regulation of OsPT6 by ABA is mainly attributed to two ABA-responsive elements (ACGTG motifs) located in the OsPT6 promoter (Fig. 5) , while the up-regulation of OsPT2 by ethylene is due to 12 ethylene-responsive element-binding factors (GCCGCC motifs) present in the OsPT2 promoter (Chakravarthy et al., 2003; X. Zhu et al., 2016b) , indicating that the reduced shoot soluble P content observed under −P + ABA treatment may be attributed to the significantly reduced expression of OsPT6 (Figs 2 and 4) .
CONCLUSIONS
Based on the current results and our previous work, we propose the model shown in Fig. 8 . Under P deficiency, NO levels in rice increase as quickly as the ABA levels decrease, to inhibit both the ABA-induced reduction of pectin contents for the reutilization of cell wall P and the ABA-induced down-regulation of OsPT6 for the translocation of P from roots to shoots. Thus, the growth of rice under P-deficient conditions is improved. Furthermore, this ABA-regulated cell wall P re-utilization may be relatively independent of the NO-ethylene pathway we demonstrated previously, which needs further study.
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ABA Fig. 8 . Model illustrating the negative role of ABA, which may be independent of NO and ethylene, in cell wall P re-utilization in rice (Oryza sativa) under −P conditions. Our study could not rule out the possible involvement of other unknown upstream responses, which needs further clarification. A red cross indicates inhibition of the pathway.
